RNA flnErpE nting uing arbitrarily primed PCR (RAP) smples an RNA populatio and allows the detectio of diferentially exprs genes between two or more populatons. This method was applied to mi lng epithelial cells, which respn to treatment with tring growth factor I(TGF-IJ)
maticaRy in response to a 24-hr TGF-f31 reatment and also in response to cel cyde arrest caused by contact inhibition. A second RAP product c to a pi unknown 7.5-kb mRNA, the level of whih derased dmaicall in response to TGF-Il1 trament. Unlike the cyclin A mRNA, the abundance of thbis pt did not decrease in response to growth arrest indue by contact inhibition. A third RAP product corresponded tothe mRNAforosteonectin, anextrclua matrix protein. The abundnce ofthis mRNA increased atleast 2-fold during TGF-, 13 Ir t. This observation is coite with other reports of increses in exhacelular matrix during TGF-,B1treat-ment. RAP should be able to identify many of the genes that change in steady-state expresin during the cell cyde.
RNA fingerprinting using arbitrarily primed PCR (RAP) (1) and a similar method (2) allow the semiquantitative simultaneous comparison of the abundances of several hundred randomly sampled RNAs. In RAP first-strand cDNA synthesis by reverse transcriptase is initiated from an arbitrarily chosen primer at sites in the RNA that best match the primer. Second-strand synthesis is initiated by extension of the same arbitrary primer at sites of adequate match on the first-strand cDNA product by using Taq polymerase. The products of cDNA synthesis are then amplified by PCR and displayed on a gel as a fingerprint representing between 10 and 50 RNAs, depending on the choice of arbitrary primer. Any differences in the pattern produced by a primer in different RNA populations reflect abundance differences in individual RNAs. Many fingerprints can be displayed on a single gel, allowing the simultaneous comparison of abundances for several hundred RNAs. In other studies, RNA fingerprinting has been used to identify transcripts that are aberrantly regulated in human tumors (3, 4) , differentially expressed during mouse brain development (5) , or differentially expressed during peroxide stress in Salmonella (6 been conserved throughout eukaryotic evolution (7) (8) (9) (10) . In mammalian cells, progression through G1 into S phase is associated with the activation of cdc2-and cyclin-dependent kinase 2 (cdk2) by members of the cyclin family, cyclins A, C, D, and E (9) (10) (11) (12) (13) (14) . Inhibition of cyclin A synthesis prevents mammalian fibroblasts from entering S phase (15) . Cdc2, cdk2, and their activating cyclins also interact with and/or phosphorylate other proteins believed to be important in cell cycle regulation and DNA synthesis, including the retinoblastoma susceptibility gene product Rb (10, 16) , the Rbrelated protein p107 (17, 18) , the human DNA replication factor RPA (19) , and the transcription factor E2F (20, 21) .
Transforming growth factor P1 (TGF-p1) is a strong inhibitor of cell proliferation in many cell types (for review, see refs. 22 and 23), including the mink lung epithelial cell line, MvlLu. TGF-,B1-induced growth arrest occurs late in G1 phase (24) and is accompanied by a decrease in the steadystate level of cycin A protein (25) and alterations in the behavior of cdc2 and cdk2 kinases, their regulating cycins, and other proteins with which they interact. The biological effects of TGF-,B1 are mediated by two transmembrane receptors, the type I and type II TGF-,81 receptors, believed to be serine-threonine protein kinases. The cell-cycle effects of TGF-,B1 appear to be signaled through the type II receptor (26) . TGF-,81 treatment of MvlLu cells prevents hyperphosphorylation of the Rb protein late in G1 phase (24) that is required for cell-cycle progression into S phase. Ectopic expression of human cycin A or cyclin E can overcome growth arrest mediated by Rb. TGF-f81 also prevents p34cdc2 and p33Cdk2 proteins from being phosphorylated and, thereby, converted to their active kinase forms (27, 28) . Other genes important to cell cycle control and development and a large number of genes involved in the extracellular matrix are regulated by TGF-f3 (for review, see refs. 22 and 23).
The genes currently known to be regulated by TGF-,B1 may represent only a small fraction ofall TGF-,31-regulated genes. 1 ,uM same primer, and 0.5 unit of Taq polymerase (AmpliTaq, PerkinElmer) was added and cycled first through 94°C for 5 min, 40°C for 5 min, and 72°C for 5 min in a 96-well-format thermal cycler (Perkin-Elmer), followed by 40 cycles through 94°C for 1 min, 60°C for 1 min, and 72°C for 2 min. This protocol resulted in the amplification of sequences flanked by arbitrary priming events in both the first-and second-strand cDNA synthesis steps. Each reaction mixture (2 ,ul) is added to 10 A1 of formamide-dye mixture, and 2 IL was electrophoresed on a 4% polyacrylamide sequencing-type gel (29) . Autoradiography was with Kodak AR5 x-ray film. A protocol using 10-base primers has also been described (1) .
RAP Fingerprinting Using Nested Primers. Conventional RAP that uses an arbitrary first primer (as described above) was followed by a high-stringency PCR with a primer carrying one or more extra bases at the 3' end ( Fig. 1 A, step 4, and B). However, cycling at high stringency during the initial reaction proceeded for only 10 Fig. 1A ). When RAP fingerprinting is performed using single primers, abundant RNAs are more likely to give rise to a scorable product than to rare RNAs (see Discussion). For this reason, we devised a strategy to produce a more "abundance-normalized" fingerprint using nested primers, as outlined in Fig. 1A , step 4. The rationale for using the nested primer strategy and the advantages of using a circularly permuted set of nested primers (Fig. 1B) are explained in the Discussion.
An example of the patterns obtained in a nested RAP experiment is shown in Fig.. 2. The first fingerprint was generated using the primer ZF-8 for both the initial and second primer and, therefore, represents a simple RAP fingerprint (1). The subsequent nested reamplification of products produced by ZF-8 was achieved using ZF-9 or ZF-10. Each primer produced a unique pattern with few common bands, indicating that the initial fingerprint had been resampled. Some of the differentially amplified cDNAs observed are indicated with arrowheads ( Fig. 2) .
In total, -200 RNAs were sampled by RAP (10) , and mink homologs of cyclin A shared -90%o nucleic acid and 90% amino acid identity in this region (data not shown).
The third RAP product of =1200 bases derived from the mink homolog of osteonectin corresponded to nt 866-2048 in the bovine osteonectin mRNA and equivalent positions in the mouse SPARC mRNA sequences (GenBank accession nos., J03233 and X04017). This region contains the C-terminal 34 aa of the osteonectin/SPARC coding sequences followed by '1000 nt of 3' untranslated region. The mink homolog encoding the osteonectin polypeptide shared >90%o nucleic acid and -90% amino acid identity with the bovine and mouse homologs (data not shown). In the 3' untranslated region, the nucleic acid similarity was =70%. The region in the mink sequence spanned the eighth and ninth exons of the mouse SPARC, indicating that the mink RAP product was from a spliced mRNA.
The RAP product from cyclin A mRNA and TRT1 mRNA was prominent in the lanes derived from logarithmically growing cells, whereas the RAP product from osteonectin Step 2. The cDNA*RNA heteroduplex is denatured. Taq DNA polymerase and the same primer are used to prime second-strand cDNA synthesis at a low-stringency priming temperature of 40°C. A match of -6 bases with the 3' end of the primer is generally needed to initiate priming so that only a small subset of first-strand cDNAs produce a secondstrand product.
Step 3. A few cDNA products now have the primer at both ends. High-stringency PCR is then used to amplify only these products. The RAP protocol can be stopped after this step and the fingerprint can be resolved by polyacrylamide gel electrophoresis (1). Optional step 4. An aliquot of the step 3 product is subjected to high-stringency PCR using another primer that has one or more extra bases at the 3' end. For example, if ZF-8 is used in steps 1-3, then the primer ZF-10 has extra bases GA at the 3' end. ZF-10 will amplify those products of RAP with ZF-8 that have homology with the additional 2 nt ofZF-10, GA, at both ends. This results in a selectivity of -1/256. RAP products that were not visible in fingerprints resolved after step 3 will be amplified by ZF-10 and will be visible after step 4. (B) A set of circularly permuted nested primers. This particular set of circularly permuted primers (5) excludes thymine because this is the least discriminatory base when present at the 3' end of the primer (33).
mRNA appeared most prominently in the lanes from TGFPl-treated cells (data not shown).
Northern Blots Probed with Differentiafly Amplified RAP Products. Northern blots of poly(A)-selected MvlLu RNAs were probed with the cloned RAP products to confirm that the observed differences in RAP correlated with differences in the steady-state levels of the corresponding mRNAs. In addition, RNA from cells growth arrested by contact inhibition were investigated. Autoradiograms from these Northern blots are shown in Fig. 3 In Fig. 3A , the steady-state level of the 1.7-kb transcript encoding cycin A is greatly diminished in MvlLu cells treated with TGF-f31 and in confluent cells. These results were confirmed using independently isolated RNA in duplicate experiments.
In Fig. 3B , the abundance of the 7. 
DISCUSSION
A single RAP fingerprint typically contains from 10 to 50 bands, and the fingerprints of two RNA populations generated with 25 primers can be electrophoresed on a single gel. Thus, when comparing two RNA populations, the abundances of hundreds of RNAs can be compared simultaneously. A single gel, therefore, has an information content similar to hundreds of Northern blots in which cDNA probes are chosen at random from a partially normalized library.
The Nested RAP Strategy. The probability of observing a RAP product in a fingerprint will depend on priming efficiencies and RNA abundances. These two factors work in opposite directions. For example, RAP products from abundant RNAs with matches of 6 or 7 bases at the 3' end may dominate the fingerprint pattern at the expense of products from rare RNAs that have better homology with the primer (1) . The fingerprint is, therefore, not expected to be completely normalized with respect to RNA abundance.
Nested RAP was designed to improve the normalization of fingerprinting with respect to RNA abundance. In simple RAP fingerprinting, many products amplify reproducibly but are not visible in the fingerprint because they derive from low-abundance RNAs that cannot compete with highabundance RNAs. Matches between the initial primer and some members of the low-abundance high-complexity segment of the RNA population will generally be better than matches with the abundant low-complexity RNAs. As a consequence, representatives of the high-complexity segment of the RNA population are present reproducibly in the background of the unnested fingerprint.
In nested RAP, the simple RAP fingerprinting protocol is applied using the first primer, and then a small aliquot of this reaction product is amplified using a second nested primer (Fig. 1A, step 4) . The nested primer is identical to the first except that it has one or more additional arbitrarily chosen nucleotides at its 3' end. Abundance normalization of sampling by nested RAP follows from inductive arguments. A secondary round of amplification using a nested primer can be expected to selectively amplify only those molecules in the background that, by chance, share the additional 3' nucleotide(s). The higher complexity of the background assures us that the prominent bands amplified during the initial RAP fingerprint are unlikely to amplify during subsequent amplification with the nested primer. Each additional nucleotide at the 3' end of the initial primer sequence will contribute, in principle, a factor of 1/16 to the selectivity. Two nucleotides contribute a factor of 1/256, and so on. In practice, the selectivity is probably somewhat less because, while Taq polymerase is severely biased against extending a mismatch at the last nucleotide, it is more tolerant of mismatches at the second or third positions. Nonetheless, considerable additional selectivity is likely to be achieved by this nested priming strategy. That the initial RAP can be resampled by nested RAP was demonstrated by the fact that few common RAP products occurred in lanes resampled using a primer with one or two extra bases (Fig. 2) .
The utility of a series of nested primers can be enhanced by constructing a circularly permuted set, such that the set of unnested, nested by one, nested by two, and nested by three primers can be chosen from anywhere within the permutation (5) . One example of such a circularly permuted series of primers is shown in Fig. 1A .
Heterogeneous (10, 12, 15, 34, 35) . Cyclin A and cdc2 family kinases interact with other proteins known to be involved in the regulation of the G1-S transition. These include the product of the retinoblastoma susceptibility gene Rb, the Rb-like protein p107, and the transcription factor E2F (17, 18, 20, 21) . Cyclin A protein is required by mammalian fibroblasts to begin DNA replication (10, 15) .
Keratinocytes respond to TGF-,8 by slowing down their cell cycle. The steady-state level of the mRNA for cyclin A is down-regulated 6-fold in these cells (36) . Thus, a 6-fold reduction in the mRNA correlates with slow growth in one cell type, whereas the virtual elimination of this mRNA in MvlLu cells correlates with the prevention of cells from entering S phase.
The observation so early in the sampling of a differentially amplified RAP product derived from cyclin A mRNA must be considered serendipitous. Nevertheless, the observation confirms the power of the RAP method to detect genes of importance in this process and shows that RAP fingerprinting can be used to identify genes that play significant roles in cell cycle regulation, differentiation, and development.
The abundance of the very large 7.5-kb TRT1 transcript declined >5-fold in poly(A)-selected RNA obtained from TGF-pl-treated cells. However, unlike cyclin A, the relative abundance of the RNA hybridizing with the TRT1 probe was similar for both the logarithmically growing and confluent cultures. This observation makes it probable that the decrease in TRT1 mRNA and the decrease in cyclin A mRNA during TGF-,31 treatment are due to responses along different regulatory pathways. The function of the TRT1-hybridizing transcript is unknown.
The steady-state level of the 2.3-kb mRNA encoding the extracellular matrix protein osteonectin was increased 2-to 4-fold in cells treated with TGF-pl compared to logarithmically growing or confluent contact-inhibited cells. This degree of up-regulation is consistent with observations that the levels of a large number of extracellular matrix proteins, including osteonectin, are increased by TGF-,81 (22, 23, 37 granulocyte-macrophage colony-stimulating factor. The ryanodine receptor Ca2+ channel mRNA was shown to be up-regulated after detection by differential screening (41) . Many of these genes have been shown to be significant in TGF-,81-mediated effects. Since none of these genes were identified in our initial investigation, it is likely that many more genes regulated by TGF-,B1 are yet to be identified.
Estimates of the total number of genes that change due to a treatment can be illuminating (e.g., ref. 42) . Differences that may represent changes in only a few percent of transcripts can be detected by RAP and may give some insight into the scale of the response to any particular stimulus or physiological state. About 4% of RNAs sampled in our experiments differed by 4-fold or more in steady-state level. By extrapolating this difference to perhaps 20,000 RNAs expressed in this cell line, :800 RNAs will show such differences between unsynchronized actively growing cells compared to cells that are no longer growing after 24 hr of TGF-,81 treatment. At earlier time points after TGF-p81 treatment, fewer genes are likely to differ, especially if TGF-,81 and cycloheximide are used together. Such genes are more likely to be involved in the primary response (43) and RAP should also be able to sample such genes.
